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We present an analytical modal description of the rich physics involved in hybrid plasmonic-
photonic devices that is confirmed by full dipole solutions of Maxwell’s equations. Strong frequency-
dependence for the spontaneous emission decay rate of a quantum dipole emitter coupled to these
hybrid structures is predicted. In particular, it is shown that the Fano-type resonances reported
experimentally in hybrid plasmonic systems, arise from a very large interference between dominant
quasinormal modes of the systems in the frequency range of interest. The presented model forms
an efficient basis for modelling quantum light-matter interactions in these complex hybrid systems
and also enables the quantitativ prediction and understanding of non-radiative coupling losses.
Plasmonic devices show great promise for applications
in quantum photonics and sensing technologies [1–3], due
in part to the strong local field confinement below the
diffraction limit. However, metals naturally have Ohmic
losses and one must characterize both enhancement ef-
fects and Ohmic dissipation on an equal footing. On the
other hand, recently, gold nanorod dimer structures have
been shown to pose good single photon output β-factors
(i.e., the fraction of the dipole-emitted radiated power
that is available in the far field) of around 60% [4], as
well as very strong spontaneous emission (SE) rate en-
hancements [4–6]. In addition, integration of plasmonic
structures with photonic crystal (PC) cavity platforms
has been shown to offer new possibilities [7, 8] that can
benefit both from higher Q of the PC sub-system and the
stronger field enhancements and tighter light confinement
by the plasmonic sub-system. In particular, plasmonic
devices offer an extremely wide bandwidth compare to
dielectric devices such as PC cavities, because they have
intrinsically low quality (Q) factors. Therefore, by cou-
pling these two systems together, the possibility of in-
troducing very fine spectral features (due to PC-cavity)
within a broad operating band (due to plasmonic system)
can be investigated. However, the theoretical description
of such hybrid devices is rather scarce and particularly
complicated because the traditional single mode cavity
model fails for a number of reasons. Moreover, the rich
physics behind Fano-type resonances that have been seen
in hybrid plasmonic cavity systems [7] is also not yet well
understood or explained.
In this Letter, we introduce a system that consists of
a gold dimer [4] placed on top of a nanobeam PC-cavity
[9], and show how one can achieve very strong manipu-
lation of SE decay rate. Perturbative analysis of similar
structures has been done in the past in order to esti-
mate the frequency shift of the system resonances due to
the interplay between the sub-systems [10], however, full
analytic characterization of the hybrid system using the
system fundamental modes remain challenging. Using a
rigorous modal description, we show that when a dipole
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FIG. 1. Schematic of the hybrid device where a gold dimer
of nanorods is placed on top of a nanobeam PC-cavity (see
inside text for design parameters). The top colormap shows
the |Ey|
2 of the dimer-only QNM when placed in free space
in the middle of dimer. The colormap on the bottom,
shows the |Ey |
2 of the PC beam-only QNM in the middle
of the slab. The QNM frequencies for the dimer and the
PC-cavity are ω˜di(eV) = 1.7803 − 0.0678i and ω˜pc(eV) =
1.6156 − 2.4539 × 10−6i, respectively. The origin of our co-
ordinate system, (x, y, z) = (0, 0, 0), is placed exactly in the
middle of the dimer gap.
is placed in between the dimer, then a very large degree
of interference between the quasinormal modes (QNMs)
[11] of the two cavity modes in the hybrid system takes
place. The QNMs are the frequency domain mode so-
lutions to the wave equation with open boundary condi-
2tions (the Silver-Mu¨ller radiation condition) [12]. Using
this modal description, we study how the Purcell factor
and β factor changes as a function of frequency and dipole
position and verify the accuracy of our approach by com-
paring against full dipole solutions to Maxwell equations.
This modal description not only explains all the under-
lying physics of optical enhancement and quenching, but
it can also be used as a foundation of studying quantum
plasmonics in these hybrid systems, where the use of a
Purcell factor and modal theory have been questioned
[13].
A schematic of the proposed device is shown in Fig. 1,
where two colormaps show the spatial profile of the
main QNM of the individual sub-systems, namely the
gold dimer (top) and the nanobeam PC-cavity (bottom).
The dominant response of the combined system is driven
by the two hybridized QNMs that are partly dimer-like
and partly PC-like. Since the two QNMs of interest do
strongly overlap in frequency, we use a frequency domain
technique [14] to calculate them, using the commercial
software COMSOL. We then use the two obtained QNMs
as a basis to model the response of the system and con-
firm this prediction with full dipole calculations. We first
start with description of the theoretical formalism appro-
priate for study of such hybrid devices in terms of the
QNMs of the system.
Quasinormal modes, f˜µ (r), are solutions to a non-
Hermition Maxwell’s problem that are associated with
a complex eigenfrequency ω˜µ = ωµ − iγµ, the imagi-
nary part of which is a measure of energy leakage in the
system, quantified by the quality factor Qµ = ωµ/2γ.
The system response can be analyzed in the basis of the
QNMs through the Greens function expansion [15]:
GQNM (r1, r2;ω) =
∑
µ
ω2
2ω˜µ (ω˜µ − ω)
f˜µ (r1) f˜µ (r2) ,
(1)
which can then be used to obtain the SE decay rate of a
quantum dipole emitter, d = dyˆ, placed at r0 = (0, 0, 0)
(see Fig. 1) and oriented along the y axis, through
Γ =
2
~ǫ0
d · Im{GQNM (r0, r0;ω)} · d. (2)
Using the Green function for the homogeneous medium,
GB, in (2), one can calculate the free space SE decay rate,
Γ0, and therefore the projected SE enhancement factor
along dipole direction Fy = Γ/Γ0. Note that the QNMs
can be directly obtained in normalized form [14] by using
Eq. (1) and obtaining the scattered field solution to a
point dipole; the corresponding complex mode-volume
for use in Purcell’s formula is then defined from Veff =
1/[n2b f˜
2
µ (r0)] [16, 17].
In addition, the QNMs of the system can be also used
to describe the non-radiative decay rate of the dipole
from [18]
ΓNR =
2
~ωǫ0
ˆ
V
Re{j(r) · E∗(r)}d3r, (3)
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FIG. 2. Comparison between the Purcell factor, Fy , of a
dipole placed in between gold nanorods, when placed in free
space (solid blue) and when placed on top of the dielectric
beam without any PC holes (dashed red). In both cases, the
dipole is placed in between the gold nanorods (center position)
and is directed along the longitudinal axis of the rods.
where E(r) = GQNM (r, r0;ω) · d is the field emitted by
the dipole at r0 and j(r) = ǫ0 ω Im{ǫ(r)}E(r) is the cur-
rent density induced by the dipole over the metal volume,
V. Accordingly, the ratio between the radiated power to
the far field and the total radiated power by the dipole
is β = 1− ΓNR/Γ.
The gold dimer is made of two nanorods with radius
and rod height of rAu = 10 nm and hAu = 80 nm, re-
spectively. The dimer is in free space with background
refractive index of nb = 1. The Lorentz plasmon model,
ǫ(ω) = 1 − ω2p/(ω(ω + iγp)), where the plasma fre-
quency of ωp = 1.26 × 10
16 rads/s and collision rate of
γp = 1.41× 10
14 rads/s is used to describe the frequency
response of the gold in our system. This dimer has a
single mode behavior over a wide range of frequencies
as shown in Fig. 2. The dimer alone has a very large
Fy = 3800 corresponding to the mode profile shown in
Fig. 1. If one brings the gold dimer close to the surface
of a nanobeam without any PC structure patterned (i.e.,
a beam without holes), there will be two main effects:
the resonance frequency of the dimer is red shifted and
the decay rate becomes enhanced further. This is shown
in the same figure for comparison, when the gold dimer
is placed 5 nm away from the surface of the beam. The
accurate knowledge of the red-shifting is important in ob-
taining good coupling between the two sub-systems, as
investigated here.
The nanobeam PC-cavity is made of silicon-nitride
with refractive index of n = 2.04 [14]. The height and the
width of beam are h = 200nm and w = 367nm, respec-
tively. Following [19], the nanobeam design includes two
sections, namely mirror and taper, where the hole radius
and spacing are different. The taper section is made of 7
holes, such that their radius were decreased form 86 nm
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FIG. 3. Generalized Purcell factor, PF calculated for the
hybrid structure where the y-polarized excitation dipole is
placed at r0. The solid blue line is the analytic calculation
using an expansion of the dominant QNMs of the system,
while the purple circles are the full dipole calculations. Small
disagreement at lower frequencies comes from other QNMs of
the PC-cavity that are not included in the analytical study.
to 68 nm and their spacing was decreased from 306 nm to
264 nm, in a linear fashion. On the ends of the taper sec-
tion, the mirror section is designed such that 17 holes of
fixed radius r = 86 nm with fixed spacing of a = 306 nm
are used. The length of the cavity region in between the
two smallest holes, in the very middle of the structure,
is chosen to be 126 nm. This design supports one main
QNM of interest at ω˜c(eV) = 1.6153 − 2.5928 × 10
−6i,
corresponding to a large quality factor of Q = 3 × 105.
The mode profile for this QNM is shown in Fig.1, as well.
Our investigations show that this PC-cavity supports ad-
ditional QNMs at lower frequencies with lower Qs that
can be effectively ignored for working in the frequency
range of our interest; this will be made more clear when
discussing the Fy characteristics of the device below.
When the gold dimer is placed on top of the nanobeam
cavity, the two individual modes discussed above be-
come strongly hybridized. The resonance frequencies of
the two hybridized QNMs are found to be ω˜1(eV) =
1.6429 − 0.0548i and ω˜2(eV) = 1.6063 − 0.0144i, cor-
responding to Q1 = 15 and Q2 = 55, respectively. The
associated generalized mode volumes at r0 are also es-
timated to be V eff1 (λ1
3) = (1.96 + 0.68i) × 10−4 and
V eff2 (λ2
3) = (−0.86 − 6.39i)× 10−4. Note that, the lat-
ter is indeed negative which originates from the inter-
ference between two sub-systems and can be understood
by looking at the actual contributions from each QNM
to the total decay rate of the dipole (see Fig.3); being
negative suggests that this does volume does not rep-
resent a physical volume, but rather is a quantity with
dimensions of volume that is required for use in the cal-
culation of the Purcell factor. These two coupled QNMs
are believed to be responsible for the dominant response
of the system over the frequency range of our interest. In
order to confirm this and represent the accuracy of the
analytical model in the basis of QNMs, the predicted Fy
is compared with the full dipole calculations at different
frequencies. In Fig. 3, the Fy is plotted, both using full
dipole calculations in circles and analytic calculations in
blue solid line, where an excellent agreement between the
two is obtained. In the same figure, we have also plotted
the contributions from each individual mode. Note that,
each of the individual enhancement factors do not nec-
essarily represent physically meaningful quantities, how-
ever, the total enhancement (i.e., simply adding individ-
ual contributions) is confirmed to be all positive, and
well behaved. There are also small oscillations present
in the full dipole calculations at lower frequencies that
are not captured by the analytic model that uses only
a two mode expansion. As mentioned before, these are
due to contributions form lower frequency modes of the
PC-cavity and can safely ignored. The modal description
provides the full system response including the enhanced
decay rate of a given dipole at any location over a wide
range of frequencies, where normally one single dipole
calculation must be performed per frequency point per
spatial position. In addition, as will be discussed next,
the modal expansion brings insight into the underlying
physics that is not normally available from full dipole cal-
culations. Moreover, the obtained Green function of the
system can then be used to explore quantum dynamics
of dipole emitters coupled to this system [20].
The maximum modal SE enhancement is approxi-
mately Fy = 4900 which is similar to that of achieved
for the dimer on top of the slab alone. However, this
maximum now occurs at a different frequency closer to
the frequency of higher-Q QNM which itself is close the
resonance of the bare PC-cavity. The accurate knowledge
of the shifting, that is a consequence of an effective cou-
pling between the two components of the hybrid device,
is well beyond weak coupling. But more importantly,
just next to the maximum, as a result of the very strong
interference between the two individual QNMs, a mini-
mum enhancement occurs that is drastically different in
magnitude compare to the maximum; indeed the Fy is
almost reduced to zero (approximately to Fy = 4), which
can be utilized as a switching mechanism between the
two fundamentally different response regimes of the sys-
tem. For example, a quantum dot placed in the dimer
gap will become extremely dark if excited at this particu-
lar frequency, whereas in contrast becomes quickly bright
when one moves away from this minimum point.
As mentioned earlier, hybrid QNMs of the system in-
herit features form both dimer and PC-cavity. However,
the low-Q mode is more dimer-like than the high-Q mode.
Indeed, for the particular structure under study, the mag-
nitude of the field in between dimer gap is found to be
more than an order of magnitude stronger than in the
center of the nanobeam, for both of the QNMs, which is
another indication of significant hybridization of the indi-
vidual QNMs of the system. To help quantify the hybrid
characteristics of these modes it is useful to look at a
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FIG. 4. (a)-(c) show Fy at z = 0 (in between the dimer gap),
z = −15 nm (at the beam surface) and z = −115 nm (in the
middle of the beam), respectively plane. The field is stronger
around the gold dimer, however, for the low-Q mode it is
even stronger compare to the high-Q mode. Since the field
intensity around dimer is orders of magnitude larger than in
PC beam, a nonlinear scale is used to bring out the mode
features.
spatial map of the enhancement factor, Fy. In Fig. 4, we
plot Fy at three different heights (z values) over a rect-
angular xy cut: (a) at the center of the dimer gold, (b)
on the surface of the nanobeam and (c) at the nanobeam
center. Note that, the system response behaves mostly
dimer-like in Fig. 4.(a) whereas in contrast becomes more
PC-cavity like in Fig. 4.(c). However, at any height both
components contribute to the response. These maps are
calculated at the frequency of the maximum enhance-
ment factor in Fig. 3, shown by the dashed line. A dras-
tic decrease in the Fy is seen when moving away from
dimer and closer to the nanobeam cavity, as shown in
Fig. 3. However, this trend is not always obtained and
depends on frequency, e.g., at the exact frequency that
the minimum takes place, we found that quite the oppo-
site occurs and Fy will increase from its minimum value
in the dimer gap to higher values in the middle of the
nanobeam. This is a non-trivial feature of this hybrid
device that originates from significant hybridization dis-
cussed earlier. It should be also noted that, because the
dimer greatly shapes the structures of both of the QNMs
in this device, the increase in the Fy mentioned later is
not as drastic as the decrease mentioned in the previous
scenario.
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FIG. 5. ΓNR calculated for the hybrid structure where the
excitation dipole is placed at r0. The solid blue line is the
analytic calculation using expansion of the system response
in terms of dominant QNMs of the system, while the purple
circles are the full dipole calculations. Disagreement at lower
frequencies comes from other QNMs of the PC-cavity that are
not included in the present analytical study.
As for any plasmonic device, another important quan-
tity of interest is the non-radiative decay rate of (4), that
can be quantified analytically using the system QNMs.
Dealing with (4) is trivial in the case of a single mode
system, however extra caution must be taken when there
are two (or more) QNMs involved. In the present case,
the field generated over the lossy region has two domi-
nant contributions through different QNMs, so
E(r) =
ω2f˜1(r0) · d
2ω˜1 (ω˜1 − ω)
f˜1(r) +
ω2f˜2(r0) · d
2ω˜2 (ω˜2 − ω)
f˜2(r). (4)
Therefore, there will be cross-coupling of the two QNMs
of the hybrid system to be integrated over the metal-
lic region. In contrast to the total decay rate, Fy, the
simple adding of the contributions from single QNMs do
not add up to the total ΓNR. In Fig. 5, we plot the
ΓNR for the hybrid system where the general trend of
the total non-radiative decay rate is similar to the to-
tal decay rate. In the same figure, we have also plotted
the pure contributions to the non-radiative decay rate
form each individual QNM, which again, these do not
represent physically meaningful quantities. The inset in
Fig. 5 shows the β-factor, where we find a relatively
fixed value of approximately β = 0.46 over wide range of
frequencies, except the unusual discontinuity that occurs
exactly at the frequency where the minimum Fy occurs.
Higher values for the β-factor can be achieved if moving
slightly away from this minimum point to higher frequen-
cies, but note that practically very low total decay rates
are involved.
In conclusion, we have introduced a hybrid plasmonic-
PC system that is capable of very strong modification of
the SE decay rate of dipole emitters when placed right
5in the middle of the dimer gap. The drastic change from
Fy = 4900 to Fy = 4 can be utilized as a switching knob
to trigger into fundamentally different response regimes
of this system. In addition, the overall β-factor of about
0.46 is achieved that suggest reasonable out coupling
of the light to the far field. To study the system, we
have used a modal description that is capable of draw-
ing a clear picture of the physics behind its non-trivial
response. With the efficient modal description provided
here, the full decay rate characteristics of the system are
available, which can also be used to study quantum light-
matter interaction.
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